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Abstract 
Enhancement of the critical current density (Jc) in MgB2 bulk material is very important for engineering applications. It has been 
found that the optimization of the sintering temperature leads to high Jc values in bulk MgB2 material. In our recent work, the highest 
trapped field value was recorded in the sample sintered at 775oC. The present investigation has focused on methods to improve 
further Jc values of the disk-shape bulk MgB2 superconductors by optimizing sintering conditions. MgB2 samples were subjected to a 
solid state reaction at 775, 780, 785, 795, 800 and 805oC for 3h in pure Ar atmosphere. XRD analysis showed that all the samples 
were single phase MgB2. The magnetization measurements confirmed a sharp superconducting transition with onset Tc at around 38.7 
K.  Atomic force microscopy observation indicated that the number of nano meter size grains is more in samples processed 3h at 
805oC has compared to the samples sintered at 775oC. As a result, the highest Jc value of 245 kA/cm2 at 20 K was obtained for the 
sample sintered at 805oC for 3h. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the ISS 2014 Program Committee.  
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1. Introduction 
In the 21st century, Prof. J. Akimitsu found that MgB2 which is a metallic superconductor has a high critical temperature 
of 40 K, for the first time [1]. As a result, several researchers have made up the interest in its fabrication techniques and 
the practical applications [2-3]. The main advantage of the MgB2 material for practical applications is that a quite small 
magnetic field anisotropy exists, and as a consequence one can obtain a high critical current density without aligning the 
crystal orientation with the substrate, which is more attractive for developments in the superconducting power industry 
and new classes of other industrial applications. Further, instead of working at the temperature of 4.2K with liquid 
helium like Nb3Ge metal based superconductor, the MgB2 which can work liquid neon (15K) or liquid hydrogen (20 K) 
which is  cheaper and easier applicable for practical applications [4]. On the other hand the bulk MgB2 magnets are 
quite similar to those of melt-textured YBaCuO and more attractive for  trapped field magnets especially in nuclear 
magnetic resonance (NMR) and magnetic resonance imaging (MRI), fault current limiters, non-contact bearings for 
liquid pumping, and for magnetic shielding screens [5]. All these applications need high critical current density and 
good quality, large-sized bulk materials. The production of large bulk MgB2 materials is rather easy to achieve and to 
the recent day the size was improved to several centimeters [4, 6]. The improvement of the critical current density and 
flux pinning is the major issue, which was partly solved in MgB2 materials by using SiC particles as additives, additions 
of carbon, boron carbides, carbon nanotubes, the addition of carbohydrates or hydrocarbons etc., [7-9]. Further, recent 
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research reports suggest that the sintering parameters have a significant influence on the superconducting properties of 
MgB2 material. Controlling the micro-structural properties by adopting the optimum processing parameters is found to 
be effective in enhancing Jc values of MgB2 [4]. As  a result bulk MgB2 samples of 20 mm diameter and 7 mm 
thickness, sintered at 775 oC, demonstrated a trapped field of 1.51 T at T = 20 K [6]. Scanning electron microscopy 
(SEM) and atomic force microscopy (AFM) images taken at higher magnification clearly showed that the grains grew 
large in size as the sintering temperature increased from 775 to 850oC. Further more, recent reports reveal that low 
temperature production of MgB2 material is possible in an attempt to reduce the oxidation and volatility of Mg.  The 
samples sintered at 700 oC to 950 oC in steps of 25 oC clearly indicated that the best performance was observed for the 
samples sintered for 3 h at 775 oC or 800 oC. However, further investigation is necessary in short sintering steps to 
explore and improve the performance of MgB2 material. 
   In this work, we present further optimization of the sintering temperature to improve the critical current density of 
sintered MgB2 material and made several samples around 775 oC to 805 oC in steps of 5 oC and studied the X-ray 
diffraction, superconducting transition temperature, and magnetic performance at 20 K. Best and low performance 
samples are analyzed the microstructure by SEM and AFM. The magnetization results indicated a high superconducting 
transition temperature around 38.5 K and very large critical current density 235 kA/cm2 at 20 K, self field. 
 
2. Experimental 
The bulk MgB2 polycrystalline samples were made by using in-situ solid state reaction. High-purity commercial 
powders  of Mg metal (99.9% purity, 200 meshes) and amorphous B powder (99% purity, 300 meshes) were mixed in a 
nominal ratio of Mg: B = 1: 2. The starting powders were weighted 3 g in a glove box and thoroughly ground in the 
same glove box under argon atmosphere. The powder mixture was pressed into pellets of 20 mm in diameter and 7 mm 
in thickness employing an uniaxial pressing machine. The consolidated pellets were then wrapped in tantalum foils and 
subjected to the heat treatment in argon atmosphere in a tube furnace.  
   The samples are prepared in a single step heat process and the heat treatment profile used in the present experiment 
was the following. From ambient temperature, it took 5 h to reach the sintering temperature, which was varied between 
775 oC and 805 oC in steps of 5 oC.  At the sintering temperature, the temperature was kept constant for 3 h in flowing 
argon gas. Then, the temperature was reduced to room temperature with a cooling rate of 100 oC/h in argon atmosphere. 
After sintering, the MgB2 bulks are obtained by removing the tantalum foil.  
   The microstructure of these samples was studied by the means of a scanning electron microscopy (SEM) and atomic 
force microscopy (AFM).  For this purpose, the sample surfaces were mechanically polished employing 3M lapping 
foils as described in Ref. [10]. The constituent phases of the samples were identified with a high-resolution automated 
X-ray powder diffractometer (RINT2200), using Cu-KĮ radiation generated at 40 kV and 40 mA. Small specimens with 
dimensions of 1.5×1.5×0.5 mm3 were cut from bulk MgB2 samples and subjected to the measurements of the critical 
temperature (Tc) and magnetization hysteresis loops (M-H loops) in fields from –1 to +5 T at 20 K using a SQUID 
magnetometer (Quantum Design, model MPMS5). The magnetic Jc values were estimated based on the extended Bean 
critical state model using the relation. 
                                                       Jc = 2 Δm/[a2d (b-a/3)]    (1) 
 
where d is the sample thickness, a, b are the cross sectional dimensions with b ≥ a, and Δm is the difference of magnetic 
moments during increasing and decreasing field in the M-H loop [11].  
 
3. Results and discussion 
To improve the further critical current density (Jc), Hirr and to optimize the sintering temperature for the bulk MgB2 
material, several samples were produced at between 775 oC and 805 oC in steps of 5 oC and the resulting x-ray 
diffraction results are presented in Fig. 1. One can see that all the samples were of the same phase composition, which 
consists of MgB2, as the main phase with small trace amounts of MgO impurity (see Fig. 1). It is possible that the 
oxygen trapped during the sample pressing into pellets and could contribute to the formation of MgO.  Further, it is also 
likely to happen that the Mg is good oxygen scrubber, and it reacts easily with oxygen even in air during the samples 
wrapping process in tantalum foils before loading the samples in to the furnace. The similar small trace amounts of 
MgO also observed in earlier reports [12]. Further, previous studies have showed that a lot of Mg is still present as 
primary phase in the Mg+2B samples sintered at lower temperatures around 600 oC, representing the MgB2 phase 
formation at the solid-solid reaction stage [13]. From the XRD analyses it is concluded that single-phase bulk MgB2 
materials can be obtained from samples sintered for 3 h at around 775 oC to 805 oC. 
Figure 2 shows the temperature dependence of DC susceptibility of the MgB2 samples produced sintering process at 
775 oC and 805 oC in steps of 5 oC in argon atmosphere. All samples have an onset superconducting transition 
temperature around 38.5 K (see Fig. 2, inset) with sharp superconducting  transition. The high Tc of 38.7 K was 
observed sample sintered at  795 oC.  The high Tc and sharp transition indicate that all sintered MgB2 samples were 
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good quality and homogeneity. The observed superconducting transition temperatures are similar to the recently 
reported bulk MgB2 material fabricated with a solid state reaction method [6]. These results suggest that 
superconducting transition temperature in the superconducting matrix in bulk MgB2 materials is not so sensitive to 
sintering time.   
 
FIG.1. X-ray diffraction spectra of bulk MgB2 samples produced sintering process at 775 oC and 805 oC in steps of 5 oC in argon atmosphere. 
 
 
FIG. 2 Temperature dependence of dc magnetization for MgB2 samples produced sintering process at 775 oC and 805 oC in steps of 5 oC in argon 
atmosphere 
 
Figure 3 shows the critical current behavior of the bulk MgB2 material at 20 K, sintered for 3h at 775 oC and 805 oC in 
steps of 5 oC in argon atmosphere. It was notable that the critical current density was increased with increasing the 
sintering temperature from 775 oC to 805 oC.  Further the self field critical current density was improved 170 kA/cm2  to 
245 kA/cm2 for the sample sintered at  775 oC to 805 oC. These values are quit high as compared to the recently reported 
bulk MgB2 material processed in sold state sintering method [6]. Note that the highest critical current density of 245 
kA/cm2  and 120 kA/cm2   at 20 K, in self field and 1T was recorded for the sample sintered for 3h at 805 oC. The 
critical current density results clearly indicate that the low temperature synthesis with optimum temperature might be 
the most promising and effective method to obtain high critical current density in sintered bulk MgB2 material, which is 
very useful for the batch production of MgB2 material for commercial applications. These results again clearly 
demonstrate that optimum sintering temperature is crucial to obtain the high critical current density in bulk MgB2 
material.  
 
FIG. 3. Field dependence of the critical current densities (T = 20K) for MgB2 superconductor produced sintering process at 775 oC to  805 oC in steps 
of 5 oC in argon atmosphere. 
To understand the improved critical current characteristics especially of the samples sintered at 775 oC to  805 oC, we 
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oobserved the microstructure by scanning electron microscopy (SEM) and atomic force microscopy (AFM) and the 
resulting micrographs are presented in Fig 4 and Fig. 5. As can be seen in from figures,  high density grains with a size 
of several micro-meters are present in the samples. Further, the number of small grains and their dispersion is clearly 
seen form the samples sintered at  805 oC (see Fig. 4, right). It is difficult to estimate the exact MgB2  grain size 
especially from SEM micrographs. Eventually to see a clear picture of the grain size and its dispersion the 
microstructure observations were carried out using an atomic force microscope (AFM) in ambient condition. Figure 5, 
presents the high magnification micrographs of the samples sintered for 3h at 775 oC (left) to  805 oC (right) in argon 
atmosphere. It is clear that MgB2 grains are in the nano meter range around 100 nm. Further, the sample processed for 
3h at 805 oC shows numerous small of nanometer sized grains, which may be responsible for the improved critical 
current density in this material. Recent microstructural observations by AFM and SEM indicated that the proper 
sintering time is very important to control the grain size of the MgB2 material [6]. The smaller the grains, they could be 
acting as strong flux pinning centers in this material and if we increase the sintering temperature or time, the grains will 
grow and, as a result, the critical current density will decrease. Both the optimum sintering temperature and sintering 
time are crucial to improve the bulk MgB2 performance for several industrial applications. Bulk MgB2 material sintered 
for 3h at 805 oC looks to be the optimum to produce high critical current density.  
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FIG. 4. Scanning electron microscopy images for the MgB2 superconductor produced sintering process 3h at 775 oC (left) and   805 oC (right) in argon 
atmosphere. 
100 nm 100 nm
 
 
FIG. 5. Atomic force microscopy images for the MgB2 superconductor produced sintering process 3h at 775 oC (left) and 805 oC (right) in argon 
atmosphere. 
4. Summary 
   We have investigated the effect of sintering temperature on bulk MgB2 material processed between 775 oC and 805 oC 
in steps of 5 oC in Ar atmosphere. X-ray diffraction and magnetization measurements clarified that all the samples were 
single phase MgB2 and in good quality. Atomic force microscopy observations clearly indicated that observed grains are 
in nano meter and its density was high in the samples sintered 3h at 805 oC. As a result, the self field critical current 
density was improved by more than 30% with increasing the sintering temperature from 775 oC to 805 oC. Further, the 
samples sintered at 805oC for 3h showed a high critical current density of 245 kA/cm2 at 20K.. The present results 
suggest that bulk MgB2 materials performance can be further improved by employing the proper processing conditions. 
 
References 
[1] J. Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani, and J. Akimitsu, Nature 410  (2001) 63-64. 
[2] J. H. Durrell, C. E. J. Dancer, A. Dennis, Y. Shi, Z. Xu, A. M. Campbell, N. Hari Babu, et al.,, Supercond. Sci. Technol. 25  (2012) 112002 pp5. 
[3] J. G. Noudem, M. Aburras, P. Bernstein, X. Chaud, M. Muralidhar, M. Murakami, J. Appl. Phys. 116 (2014) 163916 pp4.  
[4] A. Yamamoto, A. Ishihara, M. Tomita, and K. Kishio, Appl. Phys. Lett. 105  (2014) 032601 pp3. 
[5] C. Buzea, and T. Yamashita, Supercond. Sci. Technol. 14   (2001) R115-R146. 
[6]  M. Muralidhar, K. Inoue, MR. Koblischka, M. Tomita, M. Murakami, J. Alloys  Compd. 608  (2014) 102-109. 
[7] S.X. Dou, S. Soltanian, J. Horvat, X.L. Wang, S.H. Zhou, M. Ionescu, H.K. Liu, P.Munroe, M. Tomsic, Appl. Phys. Lett. 81 (2002) 3419–3421.  
[8] J.H. Kim, S. Zhou, M.S.A. Hossain, A.V. Pan, S.X. Dou, Appl. Phys. Lett. 89 (2006) 142505–142507. 
[9] Z.S. Gao, Y.W. Ma, X.P. Zhang, D.L. Wang, Z.G. Yu, H. Yang, H.H. Wen, E. Mossang, J. Appl. Phys. 102 (2007) 013914. pp4. 
[10] MR. Koblischka, A. Koblischka-Veneva, Phase Transitions 86 (2013) 651-660.
[11] D.X. Chen, R.B. Goldfarb, J. Appl. Phys. 66 (1989) 2489–2500. 
[12] M. Muralidhar, A. Ishihara, K. Suzuki, Y. Fukumoto, Y. Yamamoto, M. Tomita, Physica C 494  (2013)  85-89. 
[13] Z. Ma and Y. Liu, Sintering of Ceramics – New Emerging Techniques, INTECH, Chapter 21 (2012) 469-484. 
 
